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The Trend of Neutrino Detector

1961
B . HOMESTAKE Radiochemical Detector
Radio- 615 tons of C,Cl,; 37Cl + v, — 37Ar + e~ (~40 years)
chemical « GALLEX Radiochemical Detector
I 30 tons of Ga; "‘Ga + v, —» "1Ge + e (1986 - 1998)
e SNO Water Cerenkov Detector (SNOLab)
Water 1-k tons of ultra-pure D,O (1996 - 2006)
* Long-Baseline Neutrino Experiment (LBNE)
1980 V ,beam from accelerator to DUSEL (began~2002)
« High-Precision Reactor 6,; Real-time Detector (Project)
200 tons of 0.1% Gd in Liquid Scintillator (began ~2003)
Liquid « SNO+ Neutrinoless Double Beta Decay Real-time Detector (R&D)

Scintillator 1-k tons of 0.1% Nd in Liquid Scintillator (began ~2005)
 LENS Real-time LS Detector (R&D)
100 tons of ~8% %5In in Liquid Scintillator (began ~2000)
* Neutrino Application

— Geo-neutrino and/or Nonproliferation and/or Reactor Monitoring
2011 — Li/Ca-loaded Liquid Scintillator (began 2008)
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What do we need from M-LS?

* Preparation of high-quality M-LS must be Reliable and
Reproducible: long-term stability and long attenuation
length with suitable photon-production

e At BNL:

» Solvent-extract organometallic compound into LS with carboxylic acid,
RCOOH

» Study effects of inclusion in organic phase of OH-, H,O, free carboxylic
acid, Cl-

> Characterize how parameters affect light yield, chemical stability, final
metal ions dissolved in LS, and chemical composition

» Develop a variety of chemical techniques for chemical/radioactive
purifications of all starting materials, which is the key of clean M-LS

» Remove the U/Th/K from the starting materials to increase the
sensitivity
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M-LS Criteria for Neutrino Experiments

» Long-term Stability: > 3 years
» Long attenuation length: > 10 m
» High photon yield

» Low radioactive background

» ESSH



Components of LS

“» Aromatic solvent that contains a high density of z-electrons
for energy transfer

<+ Fluor that transfers the energy (<400 nm) to light (=400 nm)
within the optimal detection range of PMT

radioactive solvent fluor photomultiplier
molecule ﬁ molecule molecule hv fube |

o — (@*) = 2l AN
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Metal selection for different
experiments

Nd for SNO+

» Serve as a double-beta decay target

» Large Q(3.37 MeV) and favorable matrix element
Gd for Daya Bay

»  Enhance neutron-capture cross section

»  Shorten neutron capture time

» A high release energy from capture, good for suppressing
background

In for LENS
»  Low threshold
»  Directly measures neutrino energy
» Triple tag effect



Selection of Liquid Scintillator

« High density, flash point, low toxicity,
and low cost

o Chemical compatibility
* High light yield and long attenuation

» Able to load organometallic
compound



Study of Liquid Scintillator

Gd d UV Abs*0 before AbS a0 | Light | H atoms? Flash
Loading | (g/cm3) | after 260 Yield per c.c Point
PC Yes 0.889 0.008 / 0.002 2 1.504 1 5.35x10% 48 C
PCH Yes 0.95 0.072/0.001 1.7 1.526 | 0.46 5.71x1022 99 C
DIN Yes 0.96 0.040/0.023 >10 - 0.87 5.45x1022 >140 C
PXE Yes 0.985 0.044 /0.022 2.1 - 0.87 5.08x1022 167 C
LAB Yes 0.86 0.001/ 0.000 1 1.482 | 0.98 6.31x102 130 C
ng[‘i':j" No 0.85 0.002 / 0.001 1 ~1.46 - 6'751_0282.00 215C
Dodecane (<'2\'g% ) 0.75 0.001 / 0.000 1 1.422 - 6.89x1022 71C

M. Yeh et. al Nuclear Instruments and Methods in Physics Research Section A:

Gadolinium-loaded liquid scintillator for high-precision measurements of antineutrino

oscillations and the mixing angle, 613 Volume 578, Issue 1, 21 July 2007, Pages 329-339
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LAB Is attractive:

High flashpoint
Biodegradable

Millions of tons
of it are
produced
annually for
detergent
Industry
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LAB Specification

linear alkyl chains of 10-13 C atoms with a benzene ring, used
primarily for the production of biodegradable synthefic detergent

PETRESA CRANROR

Linear Alkylbenzene

Boiling Point (°C) 275-307
Melting Point (°C) <-30
Flash Point (°C) 130

Q- Qoo

Vapor Pressure (mmHg)

< 0.1 mmHg @ 20°C

Vapor Density (Air =1)

8.1

Solubility in Water

Insoluble

Molecule Weight

233 - 237 g/mol

prH

Not applicable

Viscosity

5—10c¢ps @ 20°C

Evaporation Rate (water =1)

Not applicable

Flashing Point and Boiling Point of Scintillator

450

400

350

300

250

200

Temperaturem, C

150
100 +

@ Flashing Point
® Boiling Point

50 +

PC PCH

DIN PXE

Scintillator

LAB Mineral Dodecane

0il(C24~C28)




Selection of Extractant

Extractant Gd form in LS Comparison
GdCl; quickly dissolved in the mixture of
alcohol and PC; low light yield and not stable
HICONDIS Gally.0rE0 possibly due to quenching effect and high vapor
pressure .
high extraction efficiency; moderate attenuation
_ Gd(carboxylate),. _
P=0 (Cl)...(OH),.(H,O) length; not stable for long term (phosphorus
compounds y 2 2772 | might interact with other compounds; CHOOZ
. (TOPO), :
experience of NOj)
// '\-'\\\ high extraction efficiency; long attenuation
[ carboxylic || Gd(carboxylate),. | length; high light yield; very stable (>14 months
acid i (Cl),.(OH),.(H,0), | for Gd-LS and over 2.5 years for In-LS since
\ . synthesis )
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» WATER SOLUBLE

WATER INSOLUBLE

Selection of Carboxylic Complexing

Ligands

CARBOXYLIC ACIDS FOR LENS YLS

2 i CH, 4C | i
0 0 0 )i S
C—CH; AN N N CHy
oh e o L CH3 o C CH} OH/CA\//
ACETIC (AcA){60] | PROPIONIC (PA)[74] | ISOBUTYRIC (IBA)[88} | ~BUTYRIC (BA)[88]
. 5C 0 /(:]Hi 5C CH; Sg Sg
C 0
3 cH N 0\ WA N
S CI > CH HANVAN
A o~ CHg 3 oK~ Chs
ISOVALERIC TRIMETHYLACETIC METHYLBUTYRIC
(Iva)[102) (TMAA)[mz] \MBA)[IOZ] VALERIC (VA)[102]
6C CH CH 6C 6C
CH 3 3 S
3 2/ I
CH 0 CH
N /l\/\CHa 0\ 3 /i\/\ A
OH™ CH -
3 OH
ZMETHYLVALER[C ETHYLBUTYR]C 2,2DIMETHYLVALERIC
(MvA)[116] (EBA)[116) (DMYA)[130) HEXANOIC (HxA)[116]
CH 8C 9C
3 o CHy CHy o
0N 3 C/\[/\l/ 3
/C OH CH3
ETHYLHEXANOIC TRIMETHYLHEXANOIC
(EHA)144] (TMHA)[158]
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Different carboxylic acids
for different metal ions

Loading concentration
Loading efficiency

Light yield
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Synthesis of M-LS

Solvent Extraction vs. Solid dissolution
LAB + Carboxylic acid (in H,0)+MCl, (in H,0) Carboxylic Acid (in H,0)+MCl, (in H,0)

Remove water layer

@ % Collect the solid
GdCly - )\J\/*k Wash
s m f Dissolve the solid in LAB
I Wait for it to get cleared
Leach out the additional water
GQ-LS ;328? '(vh *:;;xj:ly'l}-ﬁ llllll =3 f m
L. Hu BNL Chem - 12
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Nd-loaded LS for SNO+

1-k tons of 0.1% Nd in Liquid Scintillator
»Neutrinoless double beta decay (*°°Nd)

> Determine the mass/nature of the neutrino

SNO'’s ultra-pure water systems will be
replaced by similar purification systems that
can eliminate trace radioactivity from an
organic liquid scintillator
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“rope basket’

Acrylic vessel
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Gd-loaded LS for Daya Bay

200 ton 0.1% gadolinium-loaded liquid scintillator (Gd-LS)
Measure reactor v for 6,5 at 1%

Gd-LS was
produced in
multiple batches
but mixed in
reservoir on-site,
to ensure identical
detectors.

Gd-LS Stability of the 4-t dry run

Detectors in Hall 1

0.0040 t-----=- 3 = 10m (QC)

s {1 i

g & 8 8
——
[

20
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In-loaded LS for LENS

125 tons of ~8% 1°In Liquid Scintillator for > The real time primary low energy (sub-
full scale LENS MeV) solar neutrino spectrum
» Solar metallicity and luminosity

A view inside KURF from above microLENS
liquid handling
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Purification of Water and
TMHA

Feeder vessel

Heavier wt. collectar

—— unpurified
—50L033109
——50H033109
60L041509
—— 60H04 1509
——70L041509
——80L041709
——90L041709
—90H042109

Oil bath and
Temp. control

300 320 340 360 380 400 420 440
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Purification of HMVA and LAB

e Automatic distillation
of HMVA

e Dry column purify LAB

[

WG

0.1 — A
B
0.09 - -
asd £ | A - E: 5 drums of Petresa LAB D
1| came from 2007 —E
0074 | — Spain
] BNL unpurified/purified: 1 drum HEP
NN AL of Petresa LAB from 2006 — BNL unpuri
0054V | /1l BNL puri
0.04 - \l
003 - \\
002 A \ \
Aol
001 - NN " :
0 i “ S _ ‘*\g‘-\_—rﬁ.—_.:.___\ . ,(’,‘r"'\_f-/-\'_r\\» il
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M-LS Characterization (1)

L, (att. length) by 2-m dual-beam,

vertical LED system.

>
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Light Yield Percentage Calculated Program
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Counts/Channel/1000 sec

400

200

In_lab_2_afterps

Calculate Light Yields (V 1.1)
sample In_lab_2_after

597 live seconds
225103 total counts

peak height 619.1 £ 5.6

at channel 302.4
half height position 405 + 1

CHISQUARE = 1.05

200

400 600 800 1000

Energy (channels)

1200

CUMMING 2010
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M-LS Characterization (1)
e [M™] by XRFand UV

40 kv Cursor =2419 keV ' ' Sample: In
0.34 mA(Auto) Counts =8970 ROl Counts: 0
Filter: Cu Thin F-9 ROI Range: 0.00 keV to 0.02 keV
In
In
1906kev | 2034keV  2162keV | 2200keV 1BkeV | 2546kev | 2BTAkeV  28.02keV 29.30 keV In LAB Curve
Counts 682247 Live Time (s) 60 Dead Time 49% Scale = 16K
Counts Limit 0 Live Time Limit 60 14000 -
y = -1391.5x? + 14634x + 54.893
R? = 0.9994
12000
10000
8000 -|
6000 -
4000
2000 -
0 T T T T T |
0.000 0.200 0.400 0.600 0.800 1.000 1.200
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M-LS Characterization (lII)

IR o o Florescence Spectrometer
Qualification and quantification Excitation, Emission, and lifetime of LS
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M-LS Characterization (V)

GC/MS LC/MS
Impurities of chemicals Materials compatibilities
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Summary

M-loaded LS becomes one of main-stream detection mediums
from the past 5 years.

BNL is one of the facility that has the expertise and equipments
for all-aspect development of organometallic liquid scintillator
Including (1) synthesis, (2) characterization and (3) purification
of M-LS.

A variety of metallic ions has been loaded into liquid scintillator
at different concentrations (0.1 — 10%) with high-quality, large-
scale production (> hundreds of tons) of M-LS for different
neutrino experiments

* M-LS are stable for long period of time (>3.5 yrs for 10% In-LS; >2 yrs
for 1% Nd-LS; and >3 yrs for 0.1% Gd-LYS).

M-LS use of veto or calibration are under development.
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